The origin of NO signaling can be traceable back to the origin of life with the large scale of parallel evolution of NO synthases (NOSs). Inducible-like NOSs may be the most basal prototype of all NOSs and that neuronal-like NOS might have evolved several times from this prototype. Other enzymatic and non-enzymatic pathways for NO synthesis have been discovered using reduction of nitrites, an alternative source of NO. Diverse synthetic mechanisms can co-exist within the same cell providing a complex NO-oxygen microenvironment tightly coupled with cellular energetics. The dissection of multiple sources of NO formation is crucial in analysis of complex biological processes such as neuronal integration and learning mechanisms when NO can act as a volume transmitter within memory-forming circuits. In particular, the molecular analysis of learning mechanisms (most notably in insects and gastropod molluscs) opens conceptually different perspectives to understand the logic of recruiting evolutionarily conserved pathways for novel functions. Giant uniquely identified cells from Aplysia and related species precent unuque opportunities for integrative analysis of NO signaling at the single cell level.
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INTRODUCTION

Toxic gases as endogenous messengers in multicellular organisms
At least six gaseous molecules can formally fulfill the criteria of being intra-and intercellular messengers. All of them can be endogenously synthesized, released and specifically effect cellular processes and homeostasis both in plants and animals as well as in unicellular eukaryotes, bacteria and archaea. If we set aside the obvious regulatory functions of oxygen and carbon dioxide, four other gaseous molecules have been extensively studied as "true" signal molecules in the last decades: ethylene, carbon monoxide, hydrogen sulfide and nitric oxide (NO).
Ethylene (C 2 H 4 )
Historically, the concept that gases can be endogenous intercellular messengers in multicellular organisms can be traced back to the 1900s. It was first shown that gaseous ethylene inhibits both growth and geotropism in plants, and that ethylene is endogenously produced by fruits (see reviews of (1, 2) ). Further observations both confirmed the crucial role of ethylene in plant development and revealed its signal transduction mechanisms (3) (4) (5) (6) (7) (8) (9) (10) . Unexpectedly, the endogenous synthesis of ethylene was also reported in sponges, a basal animal group (11) , where ethylene is involved in the regulation of calcium homeostasis (12, 13) and can interact with NO-dependent pathways (14) . Apparently, hormonal and signaling functions of ethylene might not be restricted to the plant kingdom. It would be intriguing to evaluate the role of ethylene in other basal metazoans such as Placozoa and Ctenophores as well as its potential signaling function as a mediator of symbiotic relationships between algae and Cnidarians.
Carbon monoxide (CO)
In 1991 the toxic gas CO was proposed as a signal molecule in animal tissues (15) and a neurotransmitter in particular (16, 17) . Indeed, CO is enzymatically produced from heme by two isoforms of heme oxygenase (HO): (i) the constitutively expressed enzyme HO-2, known to be abundant in the mammalian brain and activated by calcium-calmodulin (18)); and (ii) the inducible enzyme HO-1 found in some peripheral tissues. In addition, CO is formed as a by-product of lipid peroxidation (e.g. following redox stress and injury). Endogenously released CO might activate soluble guanylyl cyclase and therefore act as an extracellular messenger. Therefore its functions in neuronal and circulatory systems, as well as other peripheral tissues, may be similar but not identical to NO because of different regulatory mechanisms and a different biological half-life (see recent reviews in (19-32).
Hydrogen sulfide (H 2 S)
The second toxic gas, hydrogen sulfide, joined the club of gaseous messengers in 1996 (33).
In mammalian tissues H 2 S is produced from L-cysteine metabolism mainly by three enzymes: cystathionine betasynthetase (CBS), cystathionine gamma-lyase (CSE) and 3-mercaptosulfurtransferase (MST) (22, 34-39). H 2 S was first reported as an endogenous modulator involved in hippocampal long-term potentiation and other neural functions (33, 35, (40) (41) (42) (43) . Later it was shown that H 2 S can act as a physiological vasorelaxant (44), a modulator within the gastrointestinal tract and liver, and be involved in pathogenesis of various cardiovascular diseases and pain (22, 35, (45) (46) (47) (48) (49) (50) (51) (52) (53) . Its functions are now the subject of many research projects and we might expect to see a growth of comparative studies describing signaling in a variety of invertebrates, expecially those living in hypoxic conditioins.
Nevertheless, we know little about physiological concentrations of CO and H 2 S in different tissues and cells. Many mechanisms of their action are still under intense investigation, and their interactions with other regulatory systems remain open for future exploration.
Nitric oxide (NO)
In contrast to other gaseous messengers, the information related to NO signaling is overwhelming with more than 120,000 publications by the end of 2009. Such an unprecedented burst of activity started immediately after the 1986-1987 discovery of NO as an endogenous vasoactive molecule, and was followed by the 1998 Nobel Prize for three pioneers in the field: Robert F. Fuschgott, Louis J. Ignarro, and Ferid Murad. It might appear that NO is the foremost member of the "class" of gaseous messengers in animals and even one of the best characterized neurotransmitters in the brain. Yet we have very modest knowledge about its specific functions in neural circuits, neurodevelopment and generation of specific behaviors. Major challenges include the radical (and reactive) nature of NO, difficulties in direct measurements of NO production and complex redox chemistry which can modify practically all classes of biomolecules intra-or extracellularly. It is not surprising that NO can be implicated in almost all biological processes of an entire organism but it is tricky to integrate its molecular functions in specific cells or complex neural assembles. Important directions in the field will include NO analysis in relatively large and accessible cells, simpler nervous systems, or organs of invertebrates (54-65) to study intercellular NO signaling. Use of unicellular organisms may help clarify the system biology of NO.
One of the current obstacles is that most of the data within this rapidly growing field focus on mammals and were obtained using highly heterogeneous and complex tissues or brain structures. As a result, certain aspects of synthesis, regulation and even classification of NO-dependent mechanisms in specialized cells or neurons, although generalized from a few selected models, might only have a limited application if other animal groups are to be considered. On the other hand, a number of widely distributed mechanisms described in various bacteria, plants and invertebrate animals (e.g. both non-enzymatic and enzymatic NO synthesis from nitrites) received relatively little attention in mammalian oriented studies. Furthermore, there is a tendency for a quite biased approach in analysis of NO signaling (e.g. limited to the use of standard mammalian NOS inhibitors) within complex systems such as nervous system functions or animal development.
The goal of this paper is to review comparative aspects of NO synthesis. Specifically, we would like to stress and illuminate the enormous diversity of NO synthases, as well as non-enzymatic mechanisms of NO production. We also will discuss NO mediated signaling with a focus on the distribution and function of NO in invertebrate animals and non-animal groups.
Historically, studies of relatively simple organisms have revealed fundamental principles that apply to more complex systems. It should be true for NO signaling as well. NO-related regulatory mechanisms may be as old as cellular organization itself (66-69), so that 'ancestral' functions of NO in prokaryotes and basal eukaryotes are likely well preserved across billions of years of biological evolution and can be essential for biomedical studies and clinical applications.
3.
THE CONCEPT OF THE NO MICROENVIRONMENT AND VOLUME SIGNALING IN ANIMAL PHYSIOLOGY From a historical point of view, the 1986-1987 discovery that the radical NO is the major dilatory agent in the circulatory system of humans (70-72) immediately generated a burst of interest in the whole concept that living systems are able to produce and utilize gaseous species as genuine intra-and extracellular signal molecules. It should be noted, however, that in many physiologically oriented studies the term of "NO" is used to refer to three forms: (i) the nitrosyl radical (
. NO itself) and (ii) its nitroxyl (NO -) or (iii) nitrosonium (NO + ) ions (see these reviews for further details (73) (74) (75) (76) ).
Animal physiologists immediately recognized that NO is a new and ubiquitous messenger molecule with signaling mechanisms dissimilar to those found for classical hormones, neuropeptides and other transmitters (19, 54, 63, 67, 71, 74, (77) (78) (79) (80) (81) (82) (83) . In particular, the synthesis of NO does not require any special storage machinery or specialized cargo delivery or release mechanisms. NO can act directly at the place of its initial synthesis or it can diffuse across membrane barriers in 3D space, potentially affecting targets that are far from its origin (84) (85) (86) (87) (88) .
NO primarily exerts its effects through direct covalent binding to target molecules (75, (89) (90) (91) (92) (93) (94) (95) (96) resulting in their direct chemical modification (e.g. forming SNitrosothiols or nitrosotyrosine residues in target proteins (97) (98) (99) (100) (101) . As a result of its distinct physical and chemical properties, the concept of a NO microenvironment with transient NO gradients is a more accurate way to describe the actual situation in living tissues. Finally, being a radical NO is chemically very active; NO gradients are not constant. They can be both dynamic and restricted to highly localized compartments even within small cells. Endogenous NO concentrations (ranging from 10 -12 to 10 -6 M) are dramatically affected by both the intracellular and extracellular redox state. Therefore, the biological half-life of NO can be extremely variable (from milliseconds to minutes and even hours) depending upon many environmental factors (such as the NO concentration itself, pO 2 , the presence of thiols, heme groups, or various endogenous scavengers, etc.).
For example, NO oxidation in aqueous solution is not linear with respect to NO concentration and can be summarized by the following reaction, with NO 2 -as the predominant reaction product (101) (102) (103) (104) ] = 200 mkM it will take about 1 min for 10 mkM NO (a concentration which can be reached locally following iNOS activation in macrophages) to degrade to 5 mkM (or half of the starting level). If the initial concentration of NO is 10 nM (a level that can be achieved following activation of constitutive NOSs) it will take over 70 hours to degrade to 5 nM (101) . Maximal NO concentration in solution in equilibrium with headspace gas of pure NO (at 1 atm pressure and 25 o C) will be about 1.9mM and its degradation to half of its original concentration will take seconds (105) . Consequently, physiologically relevant NO concentrations within the range of 100 pM to 1nM will be very little effected by direct oxidation in solutions and can be maintained for many days.
In addition, the solubility of NO in hydrophobic solvents is ~9 times greater than in water (105) and O 2 is approximately threefold greater. As a result, NO might be nine times more concentrated in cell membranes, lipid inclusions and lipoprotein complexes. Therefore, the calculated rate of NO autoxidation in the membrane will be 243 times faster than in the aqueous phase because of the concentration effect of the reactants (106, 107) . As a second outcome of this process, NO reacts with various lipid radicals in membranes and can act as a potential inhibitor of lipid peroxidation and low-density lipoprotein oxidation. Surprisingly, nitrated fatty acids not only represent one of the largest pools of nitrogen oxides in vasculature (108) (109) (110) ; they are also recognized as a novel class of bioactive cell-signaling molecules (110) (111) (112) (113) (114) .
It is evident that in biological tissues NO will react reasonably well with many other biomolecules such as thiols, metal adducts in heme-containing proteins and complexes that can act both as a "NO sink" and/or as NO carriers depending on cellular microenvironments (100). Furthermore, the reactivity of NO with radicals such as O 2 -is a diffusion limited process. Additional details about diffusion range and modeling of NO gradients and concentrations is well described elsewhere (84) (85) (86) (87) . Importantly, even ubiquitous products of NO-dependent posttranslational modifications (via N-nitrosation, hemenitrosylation and S-nitrosation) are also highly dynamic. They have fairly short lifetimes and are linked to tissue oxygenation and redox state; for example, hypoxia induces profound changes in nitrosylation within 1-5 minutes (115) . In other words, the complexity of NO gradients in living cells and tissues might look intractable and unpredictable because of our limited knowledge about chemical microenvironments in cells and cell compartments. Nevertheless, some of the most intriguing relationships were found between NO signaling and oxygen gradients.
Both on the long time-scale of biological evolution in ecosystems and in the relatively short-term events in an organism, tissue, cell or cell compartment, there is always a strong, reciprocal, concentrationdependent influence of O 2 
, and dinitrosyl-iron complexes) with their reciprocal relationship with reactive oxygen intermediates (ROI) provide perfectly tuned and highly localized cellular redox domains and gradients. In this dynamic NO-controlled microenvironment, redox signaling provides a wide-range mechanism that integrates and functionally links different cell's compartments. In fact, the NO "ties the cell's different commitments to its metabolic budget" (116). In other words, the apparently non-specific and widespread chemistry of RNIs and ROIs act as the universal volume signaling or 3D coupling mechanism that integrates the complex cell biochemical machinery and dynamics of cellular energetics. Recent data linking NO functions to the biogenesis of mitochondria reveal a novel systemic level of long-term integration of cellular respiration and cell biochemistry (117-126).
In summary, NO is an extremely dynamic molecule and its behavior in living cells, tissues and organisms must be considered in the context of a specific chemical microenvironment and time (i.e. the biological half-life of NO can be as short as a few milliseconds and as long as days). In some ways NO biology has its own analogy with a wellrecognized saying in the real estate business: location, location and location, and … oxygen -meaning that biological effects of NO are critically depend upon its site-specific synthesis and degradation as well as oxygen concentrations in the same highly localized cellular compartments.
Considering the radical chemistry of NO, it is not surprising that the practial measurement of NO production in living cells is one of the barriers to understanding its functions and mechanisms of action, especially when new models and tissues are to be investigated. Here we will not discuss the methodology of NO detection, which is extensively reviewed elsewhere (76, (127) (128) (129) (130) (131) (132) (133) (134) (135) (136) (137) (138) (139) (140) (141) . However, we would like to note that as a rule a combination of several complimentary approaches should be employed. For example, it is reasonable to start with preliminary screening for the presence of NOS using NADPHdiaphorase histochemistry (54-57, 83) or spin-trapping to detect gaseous NO (65, 142). Then, for the majority of comparative models, a reasonable strategy would be to clone NOS following analysis of its expression by in situ hybridization, and finally to detect products of NOS activity or NO oxidation using analytical techniques such as capillary electrophoresis (61, 137, 143-147). Considering all the potential non-enzymatic sources of NO production (see below) a combination of physiological studies with application of various NO scavengers is important. In contrast, for a number of species and tissues the use of NOS inhibitors, NO electrodes and fluorescent markers should be used with careful controls and evaluation of the selectivity and specificity of these techniques or probes to avoid interference from a variety of non-specific effects (142, 148, 149).
NO AS THE ANCIENT MESSENGER MOLECULE IN THE HISTORY OF LIFE
As a signal molecule, NO has widespread distribution both in prokaryotes and eukaryotes. NO has been found among practically all animal groups investigated so far as well as in plants, diatoms, slime molds and bacteria, where it is involved in countless biological phenomena (see reviews in (67, 68, 82, 150, 151)). Still, the comparative physiology, NO synthesis and associated transduction pathways even within major animal clades are poorly described. For example, among more that 30 extant animal phyla (with about 100 classes, see refs in (152)) functional and biochemical data about NO signaling is mostly limited to the class Mammalia (one of 12 classes comprising the Phylum Chordata) and the class Insecta (one of 13 classes of the Phylum Arthropoda). Consequently, the reconstruction of its evolution both as a Comparative data point out that NO coupled regulatory systems may be as old as cellular organization itself, tracing their origins to the very dawn of biological evolution ~3.8-3.5 billion years ago (Gya). In fact, geological conditions were favorable for NO synthesis and accumulation on the anoxic primitive Earth. During the Hadean and Archean eras (from 4.5 Gya to 2.5 Gya) NO could be produced in the ancient atmosphere and early oceans (155-157) as an important environmental factor contributing to the origin of life itself.
Under this scenario, it is suggested that NO was a crucial intermediate in the utilization of chemically inert molecular nitrogen (N 2 ). Indeed, nitrogen is an essential element for life and, although the Earth atmosphere is the major reservoir of dinitrogen, most organisms are not able to use it directly because of the high energy (948 kJ mol -1 ) required to dissociate the nitrogen triple bond (N≡N). Thus, to be used by various organisms nitrogen must be "fixed" in reduced (ammonia-NH 3 ). In other words, NO and its related species were the principal forms of fixed nitrogen in the early Earth. NO also could be produced efficiently in a neutral Hadean and Archean atmosphere (composed primarily of CO 2 and N 2 (157, 158); under these conditions HCN and related compounds are not synthesized by lightning and other electrical discharges associated with volcanic eruptions, meteorite impacts and thunderstorms.
The estimated accumulated annual production rate of NO in early Earth was on the order of ~10 13 g per year (the global production of NO by lighting at the present time is estimated as ~10 12 g/year (159)). This NO would have been converted into nitric and nitrous acids and delivered to the Ancient Ocean and early lithosphere as acid rain. NO and related species were then reduced by various minerals (primarily Fe(II), which was present in earlier oceans at much higher concentrations than today) to produce NH 4 + (160, 161) providing a prebiotic mechanism for nitrogen fixation on early anoxic Earth and, potentially allowing accumulation of ammonia in localized spots. At the same time, as components of the ancestral nitrogen cycle, NO and nitrites were ideal electron acceptors (oxidizing agents) for the further development and evolution of ancient cellular respiratory machinery and the first biological denitrification pathways in the early Archean biosphere.
These steps are required for further synthesis and buildup of more complex organic nitrogen-containing molecules and should be a factor for the origin of life and establishment of the earliest ecosystems on primitive Earth. Gradually, during the Archean eon (3.8-2.5 Gya), NO production by lighting discharge decreased (due to the decrease of CO 2 ) by two orders of magnitude until about 2.2 Gya. After this time, the rise in oxygen (or methane) concentrations probably initiated the development of mechanisms to utilize other abiotic sources of nitrogen (see also (162-164)).
It was hypothesized (165) that although the temporal Archean reduction in NO production may have lasted for only 100 Myr or less (see also (157),), this was potentially long enough to cause the ecological crisis that triggered the rapid development of biological nitrogen fixation (again with NO as an important electron acceptor in NO respiration and possibly a signal molecule). These new enzymatic mechanisms using NO/nitrite/nitrate reductases had emerged in some prokaryotic cells providing the foundation for the global nitrogen cycle (Figure 1 ) in the biosphere and representing ~70% of the total quantity of fixed nitrogen today. Thus, as stated by W. Zumft (1993) The rise of oxygen concentrations in Earth atmosphere (~2.4-2.3 Gya) did not eliminate "ancient" functions of NO in the new environment. More likely, these functions still co-exist with newly developed systems and provide important regulatory and coupling mechanisms that are mostly expressed under hypoxic conditions (or during localized acidification) when oxygen-dependent processes are suppressed. It is possible to hypothesize that the development of an L-arginine-NO pathway might be a result of adaptive responses to a novel oxygen rich biosphere where the antioxidant properties of NO could be highly adaptive under oxidative stress. Thus, it is not surprising that multiple pathways leading to NO production and its homeostatic regulation evolved in different eukaryotic lineages following the big oxidation event about 2.4 Gya.
Below, we outline different mechanisms of NO synthesis in biological systems including multiple nonenzymatic and enzymatic pathways suggesting parallel and, possibly, convergent evolution as well as recruitment of NO synthetic pathways and different classes of NO synthases (NOSs).
Multiplicity of NO synthetic pathways
At least seven pathways of enzymatic NO synthesis can be found in living systems: (vi) nitrite reductase activity (again at low oxygen tensions) of other respiratory/heme-containing proteins such as deoxy-hemoglobin (183) (184) (185) (186) (187) (188) (189) (190) (191) (192) (193) (194) , myoglobin (123, 195, 196) and cytochromeP 450 s (197) In addition to these seven pathways, NO can be produced non-enzymatically from nitrites in various cells and tissues under certain chemical conditions (e.g. acidic reduction in the presence of polyphenols (215-217), ascorbate (142, 218) or even some classical NOS inhibitors (142)) using various redox mechanisms. Anoxic and hypoxic states are more favorable for nitrite reduction in biological tissues, but this requirement is not absolute. In the next three sections (parts 6, 7 and 8, we will first discuss non-enzymatic NO formation, and then briefly Nitrogen cycle: Enzymatic NOS-independent synthesis. The simplified sequence of the nitrogen cycle reactions is shown. The reactions of nitrification and denitrification are associated with electron transport systems and coupled to cellular energetics and ATP production. NH 3 is widely used in the synthesis of various amine-containing biomolecules and, therefore, the NOS catalyzed oxidation of L-arginine can be considered as a heterotrophic nitrification route, in addition to bacterial autotrophic nitrification. Nitrification and NO synthesis by NOS are aerobic pathways, where molecular oxygen is required for the oxidation of L-arginine and NH 3 . In contrast, denitrification usually occurs under either anaerobic or hypoxic conditions. Additionally, nitrates can be reversibly reduced to ammonia in a nitrate/nitrite type of anaerobic respiration (see (150, 151, 464, 465) ) for a review of these and associated pathways). overview comparative aspects of "more conventional" NOS activity in animals.
ABIOTIC REDUCTION OF NITRITES: ALTERNATIVE SOURCES OF NO FORMATION
The requirement of an enzyme for NO synthesis in biological systems is not absolute. The fact that NO can be generated non-enzymatically (without NOS or denitrification pathways -see below) from a nitrite solution is crucial for any comparative and evolutionary analysis of NO synthesis and signaling. In reality, abiotic NO formation is well known from the chemistry of NO x species, but until recently it was not considered to be an endogenous source of NO in animals (67, 147, 219-225).
The chemistry of NO oxidation is very complex, with many transient nitrogen/oxygen species (76, (226) (227) (228) (229) (230) (231) , where nitrites (NO 2 -) and nitrates (NO 3 -) are major sequential products of NO oxidation. However, NO 2 -is the only stable product formed by the spontaneous oxidation of NO in oxygenated solutions (102, 103, 226) .
In mammalian plasma, ceruloplasmin (a multicopper oxidase) catalizes nitrite formation from NO (i.e. it acts as endogenous NO oxidase = Nitrite synthase, see (232) 
BIOLOGICAL FUNCTIONS OF NON-ENZYMATIC NO SYNTHESIS
Non-enzymatic NO production from dietary nitrites in vivo was originally demonstrated in the gut (245, 246) and in the human oral cavity (247) . In both cases NO concentrations were sufficient to be involved in primary antimicrobial, non-immune defense reactions (223, (248) (249) (250) (251) (252) (253) and, probably, in the control of digestive functions, such as mucosal blood flow, motility, and possibly secretion and absorption (254) . Estimated nitrite concentrations were between 0.1-1000 µM in different parts of the digestive system, approaching a concentration of 1-2 mM in saliva following a high nitrate/nitrite test meal (221, 247, 255).
Non-enzymatic NO formation has also been demonstrated in human skin (256, 257) and urine (218, 258), with a suggested physiological role in the inhibition of infection by pathogenic microscopic fungi (251) , as well as in the modulation of cutaneous T-cell function, skin blood flow, and keratinocyte differentiation (259) . Evidently, nitrites formed in the skin can act as important bacteriostatic agents and be directly involved in wound healing (260) .
Similarly, non-enzymatically generated NO and related species in the digestive tract can be both toxic for potential pathogens and able to perform regulatory functions such as control of circulation, uptake mechanisms and modulation of muscle contractions in the gut. The maintenance of a very acidic stomach pH favors reduction of nitrites from various food sources and supposedly would be essential for ecological adaptations in herbivore species. A combination of low pH and high nitrite levels (~1mM) results in NO levels that sometimes can exceed 4µM (i.e. more than 10,000 times higher than the levels required for vasodilatation) (223) .
Non-enzymatic NO formation from nitrites also plays an important role in vascular control (222, 261) and related pathologies -the latter present unique therapeutic opportunities for the use of NO 2 -and drug development based upon organic nitro compounds (225) . Surprizingly, even low nitrite concentrations (140-300 nM) in human plasma have a significant vasodilation effect and decrease in blood pressure (262, 263) . Large quantities of NO (similar to, or even higher than, those produced by NOS) can be formed in ischemic heart tissues by a mechanism that is not enzyme dependent and not blocked by inhibitors of NOS (264) (265) (266) . The authors conclude that this NO formation is a consequence of acidification (pH ~5.5), which serves to reduce the large pool of nitrites present within tissue. The mean nitrite concentration of the ischemic myocardium (12µM) is sufficient to generate the detected amount of NO. It was suggested that enzymeindependent NO formation not only contributes to the process of postischemic injury, but also eliminates the protective effect of NOS inhibitors (265).
Thus, tissue nitrite can serve as a significant "hypoxic buffer" of NO that can be released during hypoxia when oxygen-dependent NOS activity is suppressed or even eliminated (267). Importantly, the half-life of nitrites in biological tissues is significantly longer than NO. For example, in blood/plasma under physiological conditions t 1/2 for nitrites can be 1-5 minutes while for NO t 1/2 = 1-2 milliseconds. It might be much longer in some specific cells (147). In other words, the recycling pool of nitrites can function as the dynamic but long-term storage of NO in cell and tissues and localized NO release can be triggered by specific signals or redox metabolites at their physiological concentrations. It was also shown than NO generation from nitrites under physiological conditions and induced aortic ring relaxation is further increased by ascorbate (268).
CONDITIONS FOR INTRACELLULAR NON-ENZYMATIC NO FORMATION: NEURONS AS MODELS
Non-enzymatic NO formation can be substantial inside NOS-containing cells and NOS-containing neurons in particular. First, the intracellular nitrite concentrations can be significantly higher than those estimated from plasma or tissue homogenates.
Estimations from homogenates of whole neuronal tissues (269) give values of 50-200 µM which are substantially higher than those in the ischemic heart, but only 1-2% of neurons expressed NOS. Our recent direct single cell measurements (147) indicate that actual intracellular nitrite levels can be as high as 1-5mM, more than enough to produce physiological concentrations of NO non-enzymatically even following minor changes of pH or endogenous redox species (e.g. NAD(P)H, ascorbate, cysteine, etc). Furthermore, the distribution of NO 2 --is not uniform, but instead appears to be neuron-specific, with higher concentrations being found in neurons expressing NOS. Yet, some NOS-negative neurons might also have relatively high nitrite levels, possibly due to extensive synaptic inputs from NOScontaining presynaptic neurons (55, 147).
Most importantly, the brain has almost the highest ascorbate level in the human body (270, 271) and its distribution is highly compartmentalized (272, 273) . Up to 400-600 mkM of L-ascorbate have been detected extracellularly (274, 275) . Intracellular concentrations are estimated at 2-5 mM in neurons (276) and ≥7 mM in glial cells (277) . Direct single-cell measurements of intracellular ascorbate concentrations using capillary electrophoresis have confirmed millimolar levels of ascorbate in neurons (149, 278). Ascorbate accumulation differs among various neuronal groups and can be modified by electrical activity and neurotransmitters (276) . Thus, we hypothesize that either intracellular ascorbate or ascorbate released from neurons during activity can generate NO from a conventional chemical reduction of intracellular and extracellular nitrite ions (137, 142, 147, 278). It has been suggested that extracellular ascorbate-induced NO production could subtly and accurately match oxygen transport to the local metabolic demands of the nerve cells by vasodilatation of cerebral blood vessels under hypoxic conditions (279) . Ascorbate can be released from neurons following electrical activity and synaptic transmission providing additional factors than can modulate nonenzymatic NO production following the dynamics of neuronal dischargers in neural circuits.
Are physiological variations in pH sufficient to induce non-enzymatic NO release from nitrites in nervous tissues? pH homeostasis in nervous tissue has been studied in some detail; various transporters such as Na Reported physiological pH variations in selected intracellular compartments are very broad and the range of intracellular pH changes can be greater that 2 units (280, 281) . The pH values of lysosomes, synaptic vesicles and some other organelles can be as low as 4.5 -5.7 units (282, 283) . It is also known that the release of synaptic vesicles results in acidification (~ 0.6-1 pH unit) of the synaptic cleft (284) (285) (286) (287) . Furthermore, there is evidence that protons themselves may act as true transmitters (288-291). Based on model chemical measurements (292) , these pH values, in combination with the measured nitrite/ascorbate levels, are more than sufficient to generate high micromolar concentrations of NO non-enzymatically in neurons. We suggest that a similar situation can also be found in other cell types (e.g. secretory cells) as well as in many physiological processes such as development, phagocytosis, etc.
It should be noted that high chemical reactivity of nitrites and NO might lead to direct modification of a number of important intercellular messengers such as classical, peptide transmitters and hormones (293, 294) or even second messengers such as cGMP (295) providing the next level of regulation of signaling mechanisms in nervous tissue.
One of the unexpected fundings related to nonenzymatic NO synthesis was the demonstration that "classical" NO inhibitors can produce NO nonenzymatically (142). While NO is generated enzymatically by NO synthase (NOS) from L-arginine, overproduction of NO contributes to cell and tissue damage as sequelae of infection and stroke. Strategies to suppress NO synthesis rely heavily on guanidino-substituted L-arginine analogs (L-NAME, L-NA, L-NMMA, L-NIO) as competitive inhibitors of NOS, which are often used in high doses to compete with millimolar concentrations of intracellular arginine. Surprisingly, these analogs are also a source for non-enzymatically produced NO. Enzyme-independent NO release occurs in the presence of NADPH, glutathione, Lcysteine, dithiothreitol and ascorbate (142). This nonenzymatic synthesis of NO can produce potentially toxic, micromolar concentrations of NO and can oppose the effects of NOS inhibition. NO production driven by NOS inhibitors was also demonstrated ex vivo in the central nervous and peripheral tissues of gastropod molluscs Aplysia and Pleurobranchaea using electron paramagnetic resonance and spin-trapping techniques.
NITRITE PHOTOLYSIS AS A SOURCE OF NO IN BIOLOGICAL SYSTEMS
Nitrite/Nitrate photolysis (296-298) is another non-enzymatic, but biologically relevant, chemical process associated with NO signaling. Photochemical generation of NO from nitrites is a notable component of the nitrogen cycle in the Earth's biosphere. Nitrite absorbs maximally at 356 nm, and the process can be presented as follows (299):
This reaction occurs naturally in the surface layers of the world's oceans, predominantly in the central equatorial areas. NO formed by this mechanism may play an important role in marine ecosystems, and must be considered as an NO source to the atmosphere (299). The measured partial pressure of NO in the air was less than 8x10 -12 atm compared with a P NO calculated for surface seawater of 7x10 -8 atm (300).
The estimated concentrations of NO in the surface film of tropical waters depend strongly on the nitrite distribution; they could be in the subnanomolar or nanomolar range during the day, dropping to a practically undetectable level after sunset.
Nitrites (and, likely, NO) are important endogenous regulators of the biological clocks in planktonic organisms such as the unicellular dinoflagellate Goniaulax polyedra (301) . We might therefore speculate that the involvement of NO in the regulation of circadian rhythm, observed in higher animals (302) (303) (304) (305) (306) , might be traced back to the earlier day-night conditions in the ancient oceanic waters.
One practical aspect of nitrite photolysis is UVinduced generation of NO in human skin (reviewed by (224) ). Even a short 3-5 min exposure to sun in the Central European summer leads to significant non-enzymatic NO formation from nitrites (~10 mkM in sweat) or NO-thiols present in normal human skin (307, 308) . This UV induced cutaneous NO formation was comparable to or higher than that found in maximally activated human keratinocytes (309) . Suschek et al (2006) have calculated that human skin can be "the largest storage organ for NO derivatives such as nitrites and RSNOs" and "non-enzymatic NO generation might represent an initial screen function in human skin" (224) . As indicated above, NO can regulate skin pigmentation, growth, and differentiation as well as perform antifungal and antibacterial protective functions. Clearly, this type of mechanism of surface pH/UVdependent NO formation can be widely distributed across animal and plant kingdoms and be an important player in various ecological adaptations and in development.
In summary, there are two sourses of nitrites in animals: (i) the diet and (ii) the enzymatic synthesis of NO by NOS and subsequent NO oxidation. The last decade of research in the field of NO biology revealed novel physiological functions of abiotic non-enzymatic NO synthesis from nitrites. Furthermore, the biological role of nitrite itself has evolved from an inert by-product of organic nitrate metabolism or NO oxidation into an endogenous signaling molecule and regulator of gene expression (73, (310) (311) (312) . Indeed, recent findings clearly indicate than certain functions of nitrites are unique and they can not be effected by NO scavengers (i.e. they are not mediated by NO -(311)). Thus, in addition to NO, nitrite can act as an independent player in the family of inter-and intracellular signal molecules and in some ways fits the criteria of a truly endocrine molecule (225) . Such regulatory functions of nitrites and nitrates, although relatively novel for animal biology, have many parallels in plants and basal eukaryotes (e.g. (313)).
THE DIVERSITY OF ANIMAL (CONVENTIONAL) NITRIC OXIDE SYNTHASES: MODELS, GENES AND PHYLOGENY OF NOS
Four years after the discovery of the signaling role of NO the first constitutive isoform of nitric oxide synthase (NOS) was cloned from the rat brain (314) . Then, in 1992, two other isoforms were cloned nearly simultaneously: the inducible type of NOS (iNOS) from macrophages (315-317) and the second constitutive (eNOS) from endothelium (318) (319) (320) (321) (322) . All of these three NOS types share close sequence similarity with cytochrome P 450 reductase in their C-terminal reductase domains and have a common oxygenase domain.
During the next 15 years several dozen NOSs have been identified from different organisms. Tables 1  and 2 summarize the current status of molecular cloning and identification of NOS-related proteins across all major eukaryotic and prokaryotic groups. Figure 2 illustrates phylogenetic relationships between different classes of NOSs. As discussed below these NOSs do not fit into the simple tripartite classification originally established from mammalian studies but rather represent multiple events of parallel evolution in different lineages. Yet, they apparently share a common origin from a truncated NOS with the oxygenase domain, and their ancestry can be traced to earlier bacteria living more than 1 billion years ago.
In all animal tissues NOS catalyzes the synthesis of NO according to the following reaction:
The nitrogen atom in NO comes from L-arginine and O comes from molecular oxygen. Three NOS isoforms originally described in mammalian tissues are encoded by three distinct genes ( -independent enzyme which normally cannot be detected in most tissues, but its expression is dramatically activated after appropriate stimulation (e.g. in the presence of lipopolysaccharides or in response to potentially damaging stimuli), resulting in a high and longterm NO yield. iNOS is primarily involved in defense reactions and cytotoxicity.
Structurally, all NOSs consist of two major domains: the oxygenase or catalytic domain (the Nterminal part of NOS with L-arginine, H 4 biopterin and heme (Fe) binding sites) and the reductase domain (with FMN, FAD, and NADPH binding sites). The formation of dimers comprised of identical subunits is essential for NOS activity (324, 327, 328) . Tables 1  and 2 ). Full-length amino acid sequences were aligned in "ClustalX" version 1.83 using default parameters (466); all gaps were manually removed then trimmed to include only the oxygenase domains, in "GeneDoc" (467) .The unrooted phylogenetic tree was generated using default parameters and 10,000 iterations of the maximum likelihood algorithm implemented in the program "TREE-PUZZLE" (http://www.tree-puzzle.de). Numbers at branches represent bootstrap values for 10,000 iterations. The branch-length scale bar represents 0.1 amino acid substitutions per site. The colored dots correspond to the key code for bootstrap support. The graphic output was generated using "Treeview" (468) . Bootstrap support is color coded on the figure and located at a node of each branch. See abbreviations for species and gene bank accession numbers for NOSs in Table 1 Figures 2 and 3 for all trees. phylogenetic positions, also suggesting an independent incorporation of this motif in the basic NOS structure. In contrast, all prokaryotic NOSs are "truncated" and consist of the oxygenase domain alone (168, 329, 330).
Thus, the most likely scenario for the origin of eukaryotic NOSs is the fusion of two previously independent genes: one gene representing the oxygenase domain such as bacterial NOSs and the second gene encoding the reductase domain such as is found in cytochrome P 450 reductase type enzymes. This fusion event might have occurred at the time of the origin of major eukaryotic groups (or at least in the common ancestor of animals and fungi) as a response to the rise of the oxygen concentration in Proterozoic time. It is quite possible that the origin of oxygen-dependent NO synthesis from Larginine could be an adaptive response against emerging oxygen toxicity more than 2Gya. It is not surprising that this is the major molecular function of the precursor of the reductase domain in NOSs -cytochrome P 450 (96) . Classical NOS genes have not been found in any of the sequenced genomes from plants, suggesting that NOS was evolved after the split of plant and animal/fungal lineages. The alternative, more likely scenario is that land plants have lost this gene from a commong ancestor of all green plants including green algae. Incoming novel genomic information from basal plants and other eukaryotic lineages will help to solve this puzzle.
NOS IN INVERTEBRATES AND THEIR NERVOUS SYSTEMS
The first evidence for the synthesis and functional role of NO in invertebrates was provided in 1991 by Radomski using the basal arthropod, Limulus as a model (58). Independently, in 1992 Moroz and collaborators performed a global survey for the presence of NOS in several major invertebrate phyla confirming the wide-spread distribution NOS across the animal kingdom including molluscs and arthropods (54, 57). Using the freshwater gastropod mollusc, Lymnaea stagnalis, we have shown both the presence of enzymatic L-arginine/Lcitrulline conversion and the role of NO as an activator of feeding motor patterns, as well as identifying large NOScontaining neurons (54, 56, 331, 332). In fact, the occurrence of truly gigantic (sometimes more 0.2 -0.5 mm) nitrergic (NOS-containing) neurons in molluscs, plus their reliable functional identification and mapping (55, 62, 83, 333, 334) present unique opportunities to study nearly all aspects of NO biology with subcellular resolution and in real physiological time. Apart from molluscs, only the relatively simpler nervous system of the medicinal leech (59, 60) and the salamander retina (335, 336) has been shown to posses large and individually identified classes of nitrergic cells. Today, the data about the distribution and function of NO in invertebrates is growing and covers a relatively large spectrum of organisms from jellyfish (61) and hydra (337) (338) (339) to fly (64) and parasitic worms (340, 341) . However, the diversity of proposed functions of NO in invertebrates (reviewed by (63, 82, 342)) contrasts dramatically with the limited information available about the molecular biology and enzymology of NOS from different animal groups (343) . The Drosophila NOS is the only enzyme characterized in sufficient detail from more than 30 invertebrate phyla (344, 345) .
The first invertebrate NOS enzymes were cloned from insects (346-348) and molluscs (349) (350) (351) (352) (353) ; they all have greater overall sequence similarity to a constitutive neuronal-like NOS than to other isoforms (iNOS or eNOS) in vertebrates. At first glance, it might suggest that this type of NOS could be evolutionarily close to an "ancestral" NOS prototype. However, the recent discoveries of cnidarian and slime mold NOS as well as identification of novel NOS genes from recently sequenced genomes of prebilaterian metazons such as Trichoplax illuminate both the enormous diversity and parallel evolution of different NOS classes (Figure 2 ). Cnidarian (Discosoma) and slime mold (Physarum -(354)) NOSs lack a distinct structural element that is present as an insertion in the reductase domains of constitutive NOSs but absent in iNOSs of vertebrates. This insert of ≈ 45 amino acids (residues 835 -876 in human nNOS) is thought to be an autoinhibitory loop which impedes Ca 2+ -free CaM binding and enzymatic activation.
Since Discosoma NOS is structurally similar both to the only known non-animal conventional NOS and to vertebrate iNOS isoforms, the inducible type of the enzyme may be evolutionally basal for animal NOSs.
Novel NOSs found in sequenced genomes from basal animal lineages (Table 1 ) also share sequence features comparable to iNOS-like organization (i.e. without the insertion in the reductase domain). These consist of the only NOS in the Nematostella genome (sea anemone) and one of the three placazoan NOSs in the Trichoplax genome. iNOS-type might also present in Daphnia (355) . We also found inducible-like NOS in recently sequenced genomes from the simple eukaryotes Ostreococcus tauri and O. lucimarinus. Ostreococcus belongs to the Prasinophyceae, an early-diverging class within the green plant lineage. Considering the lack of recognizable NOS in land plants (see section 10 below), the presence of a canonical iNOS-like gene in the basal plant lineage is especially interesting. It implies that an iNOS-like enzyme was present in earlier green plants but was lost in at least some higher plant lineages.
All of this information further supports the hypothesis that the inducible like (possibly Caindependent) NOS is the ancestral prototype of the enzyme (see also Fig 2, 3) . Under this scenario, multiple lineages of constitutive-like animal NOSs could be independently derived from iNOS-like proteins, in a process that might include independent events of insertion of the autoinhibitory loop in the NOS reductase domain. This insert provides coupling to Ca 2+ regulatory mechanisms and reduces potentially toxic NO yields following the activation of inducible NOS.
It is interesting that, in contrast to vertebrate species which have three NOS genes, only one type of NOS isoform has been found in the genomes from insects and tunicates sequenced to date. Molluscs, sea urchins, and cephalochordates have at least two NOS genes but no NOS genes have been identified in nematodes (C.elegans) (Table 1 and Figure 2 ). This situation implies the very interesting possibility that more than one NOS co-existed in the common ancestor of all animals (urmetazoan) and then was lost in some animal taxa in the course of evolution. On the other hand, in some lineages such as molluscs (with at least two different types of NOS) and chordates (2-3 NOS genes) duplication events for NOS genes might happen more than once. For example duplication of the constitutive type NOS might occur in both deuterostomes and basal metazoans. Apparently, duplication events might also have happened independently in the evolution of inducible type NOS since some fishes have more than one iNOS-like gene (Table 1) and even basal Placozoa (Trichoplax adherens) has distinct iNOSlike groups.
Phylogram showing relatedness of the predicted oxygenase domains for NOSs is shown in Figure 2 . As expected, the diversification of vertebrate NOSs occurs in parallel in multiple lineages and clusters into three distinct Figure 1 for phylogenetic relationships among these and eukaryotic NOSs).
roups corresponding to mammalian iNOS, eNOS and nNOS, with the iNOS possibly being most basal. More likely eNOS is the latest innovation associated with the mammalian lineage. However, the diversity of all nonvertebrate iNOS is quite significant and iNOS in fishes might possess enzymatic and functional features distinct from those in mammals.
Interestingly, Molluscs, Arthropods, and Prokaryotes also show appropriate relatedness in their clusters with slime mold NOS as a potential out-group for all animals. NOSs from Placozoa, Cnidaria, echinoderms (the sea urchin) and basal chordates (amphioxus and two ascidians) seem to be the most derived and distinct NOS subtypes. It also appears that several classes of neuronaltype NOS from Deuterostomes (the sea urchin NOS and NOSs in all chordates) and molluscs as well as from Placozoa have developed the PDZ domain independently. This domain probably evolved to support specific subcellular targeting of NOS and formation of highly dynamic protein complexes, as shown in the postsynaptic regions of mammalian neurons.
Unfortunately, lack of detailed biochemical characterization and pharmacological profiles of such a diverse protein family as invertebrate NOSs is one of the major obstacles in the field. Future experiments using purified or expressed NOSs from various phyla is one of the crucial steps in our understanding of the evolution of NO signaling. Such an analysis might also provide valuable information for the biomedical industry as part of the development of more specific and efficient NOS inhibitors for different NOS subtypes. In summary, there is obvious evidence of parallel evolution of NOSs that occurs independently in major animal lineages. In practical terms of experimental design dealing with analysis of NO signaling in representatives of many invertebrate taxa while interpreting the pharmacology in terms of mammalian NOSs can be misleading.
DO NON-CONVENTIONAL L-ARGININE/NO SYNTHASES EXIST IN PLANTS AND ANIMALS?
NOS-like activity (with the pharmacological and biochemical properties of mammalian NOS) was described in fungi (356) and has been reported in land plants (357) (358) (359) (360) . Proposed NO synthesis (via L-arginine to Lcitrulline conversion) in some plant tissues is Ca 2+ -dependent (361-363), whereas in others it is Ca 2+ -independent (362), resembling the inducible type of NOS of mammals. However, conventional NOS-type enzymes from these species have neither been cloned nor purified. Although some green algae (e.g. Ostreococcus) have canonical NOS-type genes, a search of the sequenced genomes from land plants (e.g. Arabidopsis thaliana or Orysa) showed no recognizable animal-like NOS genes in their genomes. This paradox has been partially resolved with a suggestion for the presence of non-conventional NOS in plants but with pharmacology similar to mammalian NOSs (reviewed by (78) ). This proposal leads to an extensive literature about novel plant-like NOSs. Indeed, an Arabidopsis mutant was identified that had impaired NO production shown to be attributed to a gene which the authors name AtNOS1 (154). Expression of AtNOS1 on a viral promoter in the mutant plants resulted in overproduction of NO (154). This AtNOS1 shares highest identity with hypothetical NOS-related protein of the land pulmonate snail Helix (364) , and the bacterial GTPase domain proteins. These authors expressed the cDNA from this hypothetical NOS, and showed a 15 fold increased in NOS-type activity in bacteria -a potentially convincing experiment confirming enzymatic activity of this snail protein.
To further ensure that this novel plant AtNOS1 gene also encoded an enzyme that had NOS activity, the AtNOS1 protein was expressed in bacteria. Again, Guo and collaborators showed elevated levels of NOS activity (154). These authors further characterized the purified protein and showed animal type NOS activity that is dependent on key co-factors (nicotinamide adenine phosphate, calmodulin, and Ca
2+
) and inhibited by L-NAME. These and additional data from other laboratories (365-368) resulted in two major conclusions:
(i) confirmation that NO is an important signal molecule in plant physiology, and (ii) potential discovery of a novel class of NOSs with pharmacology similar to conventional NOSs from mammals but that is completely structurally different from all NOSs known from animals. The second conclusion was somewhat surprising for the field of classical NOS enzymology because of the lack of understanding of how NO synthesis in plants might occur with this protein.
Recently, putative homologs of such "plantlike" NOSs with a conserved GTP-ase domain have been described in virtually all eukaryotes and many bacteria (153); see also Table 3 . None of the members of this family of proteins resemble any known conventional isoforms of NOSs, containing neither heme-oxygenase nor flavin reductase domains. Subsequently a mammalian homolog was cloned from mouse, and named mAtNOS1 (369) . These authors constructed a fusion gene and expressed it in cell lines which showed the fusion protein localized to the inner-mitochondria compartment. Zemojtel et al. (2006) also suggested that the mAtNOS1 has a role in development of neural, hematopoietic and bone organ system (369, 370).
We also cloned one of the AtNOS1 homologs from the marine opisthobranch mollusc, Aplysia californica. AcAtNOS1 (GB# EF043280) has a deduced amino acid sequence of 712 residues. The putative AcAtNOS1 has a longer N terminus as do all the eukaryotic orthologs compared to their prokaryotic orthologs (153). We analyzed the structure of this putative AcAtNOS1 to predict the subcellular location of eukaryotic proteins using Target-P. This program uses N-terminal sequence information only to discriminate between proteins destined for the mitochondrion, the chloroplast, the secretory pathway, and "other" localizations with a success rate of 85% (plant) or 90% (non-plant) on redundancy-reduced test sets (371). Similarly to mammalian mAtNOS1, molluscan AcAtNOS1 contains a mitochondrial targeting peptide as predicted by Target-P with a score of 0.93 (a score of 1 indicates the strongest prediction) (371).
The summary phylogram showing relatedness of AtNOS-like proteins with the GTPase domains is shown in Figur e 4. The clades of vertebrates, gastropods, insects, plants, and bacteria form four distinct clusters. As predicted, the molluscan AtNOSs are most closely related to each other. However, the molecular mechanisms of NO synthesis by these hypothetical plant-type NOSs are unresolved, suggesting that these proteins are not NO generating enzymes themselves.
It is likely that this protein can be an important component of a larger complex or chaperone indirectly contributing to cellular or systemic NO production both in plants and other eukaryotes. The most recent biochemical and structural data indicate that AtNOS itself does not bind L-arginine and synthesize NO (370, 372, 373) . It was proposed to rename this class as NO associated protein or AtNOA1. Since the eukaryotic AtNOA1 can be an RNA binding protein, it might be involved in regulation and assembly of large molecular complexes associated with NO synthesis via alternative molecular mechanisms. One of the explanations of the earlier biochemical data about NO synthesis may be the fact that AtNOA1 is specifically targeted to mitochondria, and therefore might be a part of the process associated with mitochondrial ribosome biogenesis. Thus, down regulation or deletion of AtNOA1 might lead to the observed decrease in NO formation by mitochondria under hypoxic conditions (370). Moreau and collaborators suggested that the disregulation/disfunction of AtNOA1 might also result in the increase of reactive oxygen species (ROS) that can reduce NO accumulation, since NO can rapidly interact with . O 2 -or related free radicals generated from the respiratory chain (372) . Novel experimental data confirms that AtNOA1 is a slow Mg 2+ -/K + -dependent GTPase because it binds GDP more tightly than GTP. Thus AtNOA1 might require additional guanine nucleotide exchange factor(s) or GTPase-activating protein(s) to reach physiological relevant activity (372) .
Bacterial homologs of AtNOA1 are associated with ribosome particles, and are involved in their biogenesis and local protein synthesis. Thus, they can act as G-proteins that modulate nucleic acid recognition; specifically, they serve as a molecular switch that couples GTP hydrolysis to nucleic acid and/or protein binding (373) . The molecular function(s) of AtNOA1 in plants and animals still needs to be determined. Today, it can be broadly described as a long-term modulation of a ribosomal function based up on its assembly and subcellular localization in mitochondria. As a result, the observed changes in NO formation can have downstream consequences modulating cellular bioenergetics. Thus, earlier data from plants and Helix with identification of novel non-conventional NOS classes with with the GTPase domain need to be critically reevaluated.
THE ROLE OF NO IN DEVELOPMENT AND PLASTICITY: INSIGHTS FROM INSECTS AND SNAILS
Overview.
In this last chapter we will briefly summarize the existing knowledge and challenges related to the analysis of NO in memory mechanisms and plasticity as it reflects the ultimate level of complexity of NO signaling. The role Table 3 for detail). Full length amino acid sequences were aligned in ClustalX ver. 1.83 using default parameters (466). All gaps were manually removed to include only the GTPase-binding domain in GeneDoc. The unrooted phylogenetic tree was generated using default parameters and 10,000 iterations of the maximum likelihood algorithm implemented in the program "TREE-PUZZLE" (http://www.tree-puzzle.de). Numbers at branches represent bootstrap values for 10,000 iterations. The branch-length scale bar represents 0.1 amino acid substitutions per site. The colored dots correspond to the key code for bootstrap support.The graphic output was generated using Treeview (468) . Bootstrap support is color coded on the figure and located at a node of each branch. See abbreviations for species and gene bank accession numbers for GTPases in Table 3 .
of NO in long-term plasticity is one of the emerging frontiers in biomedicine. It appears that virtually all mechanisms of NO action discovered in non-neuronal tissues and across species can be found to co-exist in a given neural circuit but the mechanisms of integration of different signaling pathways resulting in novel memory traces are obscure. Here, we will focus upon use of the relatively simpler nervous systems of invertebrates as promising experimental models in the field. A recent summary of ideas and controversies about the role of NO in memory mechanisms of vertebrates can be found elsewhere (374) .
Before the current literature is reviewed, we would like to make a note about two levels of complexity that we face in the analysis of NO signaling mechanisms in nervous systems. As indicated in the previous sections, the emerging diversity of more than a dozen parallel NO synthetic and degradative pathways create the first level of complexity in analysis of NO signal transduction within highly heterogeneous cell populations, such as a human brain with more than 100 billion neurons and 100 trillion synaptic connections.
With a few exceptions (e.g. circulatory, digestive and immune systems in mammals), alternative sources of NO are rarely considered in present experimental designs to characterize neural functions or neurodevelopment. Indeed, dynamic reorganization of cell-cell interactions following differentiation, organogenesis, learning and memory requires precise timing in integration of internal and environmental stimuli, following even more critical timing in co-activation of underlying signal transduction cascades within the same or functionally coupled cells. NO The second level of complexity becomes apparent from observations that mechanisms of NO action are cell-/neuron-specific (i.e. non-identical in various neuronal types), and the way such integration (or coordinated activity of multiple neurons) is achieved is not clearly understood. Traditionally, in comparative neuroscience a validation of the presence of canonical NOS activity and involvement of NO/cGMP signaling are the two most familiar steps to test for the role of NO in a given process or circuit. Hitherto, using such biased approaches, the diversity of NO synthetic pathways in different components of neural circuits is frequently ignored. The widespread presence of other components involved in enzymatic and non-enzymatic nitrite reduction supports the existence of alternative (NOS-independent) sources of NO formation (Section 8) in a majority of biological tissues in general and nervous systems in particular. This knowledge is crucial to understanding the numerous contradictions in the field of NO-dependent mechanisms of synaptic plasticity. Nevertheless, we know very little about regional microenvironments in specific neurons and synapses.
As a result, the development of simpler experimental models is a vital step toward mechanistic understanding of NO signaling and its role in learning and memory. Although there is compelling evidence that NO is one of the key players in long-term plasticity mechanisms in mammals, there is no agreement about the contributions and mechanisms of NO action in memory-forming circuits. The enormous heterogeneity of neuronal populations, their complexity, and an insufficient knowledge about wiring diagrams in a brain are just a few of many gaps in our knowledge which have led to multiple controversies (see (374) ). One of the major challenges in the use of vertebrate preparations is lack of identified and accessible neurons amenable for direct molecular and physiological analysis. In fact, nitrergic neurons are one of the least understood cell populations in our brain. In contrast, numerically simpler nervous systems of invertebrate animals offer unique prospects for reliable identification of nitrergic neurons and for characterization of NO-dependent signaling in memory mechanisms.
Historically, after the first discovery that NO is widely distributed in nervous systems of invertebrates (54, 56, 57, 331, 375), two lines of research were naturally established, focusing on the biology of NO in insects and gastropod molluscs respectively. More likely such a biased (from a comparative point of view) target selection is a reflection of the fact that both instects and gastropods are two of the largest animal groups and offer well established models. Plus, representatives of these two invertebrate classes became famous in the analysis of learning and memory mechanisms. Not surprisingly, for both groups it was demonstrated that NO controlled long-term plasticity; similar mechanisms are expected to be found for many other animal taxa.
Today, the neurobiology of NO is better studied in insects then in molluscs. Here the analysis of NO signaling is facilitated by the availability of a dozen sequenced genomes as well as by the unique opportunities offered by that unsurpassed genetically traceable modelDrosophila melanogaster. As in Drosophila, all studied insects have a single NOS gene with multiple splice forms; some of these might act as dominant negative regulators of functional NOS transcripts (376) . In the insect brain, NOS is expressed in distinct neuronal populations including those associated with chemosensory structures (taste, olfaction) and the visual system (377) (378) (379) . NO/cGMP pathways are shown to be involved in control of development (380) (381) (382) (383) (384) , synaptic functions (385) (386) (387) , and sensory processing (346, 388, 389) . The relationship between NO signaling and long-term plasticity has been extensively studied in the honey bee, Apis melifera -a wonderful experimental paradigm for analysis of complex learned behaviors including social relationships in colonies.
NO signaling in the honey bee
The inhibition of NO synthesis impairs a distinct type of long-term memory and affects olfactory learning in the honey bee (390, 391) . This type of associative learning properly occurs when an odor representing food stimulation (conditioned stimuli, CS) precedes an actual sucrose reward (unconditioned stimuli, US). In the honey bee, only three repetitive precisely paired CS/US trials induce a stable memory lasting more than 7 days (392). Even a single pairing, that lasts only a few seconds, induces an associative memory lasting more than 1-2 days. In Apis, as in many other models, prolonged activation of cAMP-dependent protein kinase A (PKA) is required for long-term memory formation (>3 days). Interestingly, a single CS/US pairing test leads a transient increase in the PKA activity lasting approximately one minute, while three repetitions of CS/US trials prolong PKA activation to more than 3 minutes. It is amazing that such relatively small 2 minute time differences in the same molecular event have such dramatic consequences, resulting in many days difference in the preservation of a long-term memory about a short olfactory stimulus. Clearly, it allows bees to quickly adjust their foraging strategy and social communications within a colony.
The possible molecular mechanisms of this type of NO-dependent associative learning have been investigated by Muller and collaborators (375, 377, 378, 391, 393, 394) and can be summarized as follows. One of the transmitters that mediates US and is involved in insect appetite learning is octopamine. It can induce a short term activation of PKA lasting several seconds via the cAMP system. If a single US is paired with an additional increase of cAMP from a caged compound, the prolonged activation of PKA is induced and a long-term memory (>3 days) is formed. The second messenger, apparently associated with a CS in the antennal lobes of the brain, can be NO. NO released from local AL interneurons (and possibly from sensory neurons) can also induce a prolonged activation of PKA but via the cGMP system, because the inhibition of both NOS and the soluble guanylyl cyclase (sGC) impair the prolonged activation of PKA. Thus, NO operates as a signal integrator and a volume/space transmitter in this system, temporally coupling at least two different processes and leading to long-term associated learning. Nevertheless, the precise molecular mechanisms of NO/cGMP mediated prolonged activation of PKA are still unknown. Muller and collaborators suggest that such an effect can be direct, although other mechanisms are not excluded (e.g. activation of cGMP dependent protein kinases, cGMP regulated phosphodiesterases and cyclic nucleotide gated channels (392).
Interestingly, habituation (a type of nonassociative learning) of the same reflex can also be mediated by the NO/cGMP/PKA pathway but it follows different temporal dynamics and a different time-course of PKA activation in the same brain regions. For example, in habituation only 10 repetitive US result in detectable activation of PKA via the NO/cGMP cascade; whereas 3 paired CS/US trials are sufficient for a prolonged PKA activation. The release sites of NO might be very different during associative learning (e.g. interneurons) versus nonassociative learning or habituation (unknown), leading to different temporal dynamics of both NO synthesis and the scale of PKA activation. Considering the high-density packing of nitrergic terminals in the antennal lobe glomeruli with numerous NOS-negative postsynaptic cells, it would be reasonable to assume that NO can diffuse into these neurons then be oxidized to nitrites. Accumulated nitrites can serve as an additional dynamic NO storage or a mobile secondary pool for NO release by non-enzymatic mechanisms (section 8 of this manuscript). It would be a testable hypothesis that stronger and more repetitive stimulation following habituation or other type of training protocols might require alternative NOS-independent sources of NO.
In the honey bee NO can mediate additional functions (including cGMP independent signaling) in the same brain regions and even circuits. Surprisingly, global release of NO from a caged NO-donor in the antennal lobe impairs memory formation (i.e. it has an opposite effect compared to that induced by cGMP). It is likely that a very narrow time window exists for the NO/cGMP system to induce different types of long-term plasticity by recruiting parallel signaling cascades. Obviously, the interaction of concentration-dependence, spatial and temporal parameters of NO gradients, and cGMP dynamics are all crucial and can be coupled with alternative sources of NO formation and its inactivation. Other gaseous molecules (CO and H 2 S) might also be a part of cGMP/PKA signaling system. The molecular processes triggered by prolonged activation of PKA are also unknown in the honey bee; they might involve transport of PKA to the nucleus (as found in Aplysia and other systems -(374, 395)) as well as interactions with other signal transduction cascades such as glutamatergic systems, Ca 2+ , PKC, unknown molecular events involved in satiation, etc. The emerging theme here, as in many other species, is the realization that memory formation is based upon multiple parallel (sometime redundant) molecular transduction pathways with hundreds of components organized in complex signal and generegulatory circuits with distinct temporal and spatial dynamics in various neurons. The complete sequencing of the Apis genome, correlated with well-characterized stereotyped and learned behaviors of this species, will further facilitate the analysis of gaseous signaling in learning and memory (379) . Nevertheless, Apis has a very complex brain with about 1 million relatively small neurons and largely uncharacterized neuronal circuits. All of these are serious obstacles in the cellular analysis of behavior comparable with the challenges in the biology of vertebrate brain circuits.
NOS and NO signaling in molluscs
Overview
In contrast to insects and many other invertebrate lineages, representatives of two groups of gastropod molluscs (Opisthobranchia -sea slugs; and Pulmonatafreshwater and land air breathing snails) have truly gigantic neurons in their central nervous system (CNS). These cells can reach 0.5-1 mm in diameter with remarkable growth cones up to 0.6 mm (396, 397) -these are the largest neurons and neurites ever found in the animal kingdom. Gastropod neurons are located at the surface of ganglia and can be individually identified based upon their position, size, color, electrophysiological properties and synaptic connections. As a result, neural circuits controlling different stereotyped and learned behaviors have been identified in several model species, such as Aplysia, Lymnaea, Pleurobranchaea, Tritonia, Helix, Hermissenda, etc.. Naturally, these models have already provided the first insights in molecular deciphering of memory mechanisms at the level of individual neurons (395, 398-400). Furthermore, single identified molluscan neurons can be directly analyzed both biochemically (137, 146, 147, 401) and now at the genome scale (351, 397, 402, 403) leading to complete molecular characterization of all signal and gene regulatory pathways in a given characterized neuron within a circuit as the animal learns and remembers.
It is not surprising that the quest to find large identified NO releasing neurons in the CNS has been initiated in dozens of molluscan species (55, 56, 62, 83, 334) , in parallel with characterization of the role of NO in behavior and memory mechanisms (404) (405) (406) . The cephalopod molluscs were also investigated for the presence and function of NO signaling (83, 352, (407) (408) (409) (410) (411) (412) (413) (414) (415) (416) (417) . Yet the progress in this field was quite modest, mostly due to limited NOS cloning efforts (NOSs were cloned only from three gastropod species and the cuttlefish: Aplysia (351, 418) , Lymnaea (349) and Lehmannia valentiana (353) , Sepia officinalis (419)); no sufficient mapping studies were performed where histochemical localization of NOS was accompanied by electrophysiological analysis to identify the position of nitrergic neurons in a given neuronal circuit. Thus, we will use only two illustrative examples (Lymnaea and Aplysia) that provide initial insights into the role and mechanisms of NO-dependent plasticity in molluscs.
NO signaling in Lymnaea
The fresh-water snail, Lymnaea stagnalis was the first invertebrate species where both histochemical and functional effects of NO were tested. It was shown that a significant fraction of nitrergic neurons is located in the buccal ganglia and that NO activates buccal motor patterns (331) . A pair of symmetrical giant nitrergic neurons has been identified as esophageal B2 motoneurons with homologs in related species Helisoma and Biomphalaria (55, 56, 147, 332). In addition, it was found that numerous nitrergic (56) neurons are located at the periphery, including gut and chemosensory structures (420) . In general, a similar pattern is observed for other molluscs, with detectable trends that the localization of NOS containing neurons is linked to feeding and chemosensory structures (62, 68, 82, 333, 334). Functional tests further confirmed that NO can be an important endogenous modulator of feeding in all molluscs tested so far (e.g. (62, 331, 421).
Considering the fact that feeding behavior can be highly adaptive and modified by various stimuli, it was reasonable to assume that NO might be involved in various forms of short and long-term plasticity within these circuits. Indeed, it was shown that inhibitors of NOS in Lymnaea disturb single trail training in Lymnaea and that apparently NO/cGMP signaling and plasticity can be coupled with PKA (422), similar to the events described earlier in the honey bee (392) . In the Lymnaea feeding system, NO can also act within a defined time window (10 min to 6 hrs postraining) to promote long-term memory formation (406, 422) . The requirement for NO/soluble guanylyl cyclase (sGC) is wider than the time window for local protein synthesis and PKA (up to 2 hrs posttraining, see (406, 422) ). Importantly, protein kinase G (PKG), a potential downstream target of NO, is not involved in earlier stages of memory consolidation (< 2hrs). Instead it is required for later memory consolidation processes (between 2 and 8 hrs) and, therefore, overlaps with the critical window of NO/sGC action in the system. Specific linkages between NO, PKA, MAPK and PKG signaling or other memory related pathways have not been determined.
Unfortunately, the precise localization of specific sources of NO in the feeding circuit which are associated with long-term memory in Lymnaea is unknown. Apart from the buccal B2 motoneurons that we identified as nitrergic cells (56, 147, 331, 332), other NO-releasing neurons are not characterized. Recent data provided by Korneev et. al. (349, 423, 424) suggest that one of the key serotonergic modulatoty neurons in the circuit CGC can be a "silent" nitrergic cell where NOS translation and subsequent enzymatic NOS activity may not be detected in control preparations but may be activated during training or memory consolidation. One of the mechanisms can be transcriptional regulation of NOS by antisense transcripts (423, 424) . However, neither biochemical nor histochemical evidence confirms the presence of NOSdependent NO synthesis in these neurons (147). Thus, although NO is apparently involved in long-term memory in Lymnaea further investigations are needed to determine the contribution of enzymatic or non-enzymatic sources of NO formation. It will be crucial to identify NO-dependent signal transduction pathways as well as the role, diversity, relative contribution and regulation of NOS antisense transcripts. It will also be important to identify novel NOS isoforms (e.g. see (425) ), in addition to previously reported truncated NOSs, in the CNS of Lymnaea generally and in the feeding circuit in particular. Interestingly, Lymnaea has NMDA like receptors (426, 427) and it would be important to estimate their contribution in NO-dependent plasticity. This was demonstrated in mammals using long-term potentiation and long-term depression paradigms.
NO signaling in Aplysia
The second molluscan experimental model developed for analysis of learning and memory mechanisms (395, 398) is the sea slug Aplysia californica. Although Aplysia has two NOS genes, only one isoform (NOS-1; GB# AAK83069) is expressed in the CNS in about a hundred NOS-1 containing neurons that are primarily located in the buccal, cerebral and pedal ganglia. NOS-1 is not expressed in any known sensory or motor neuron, and it appears that the majority of NOS-containing cells are interneurons. The abdominal ganglia have only 3 NOS-containing cells (L29 interneurons) making the gillwithdrawal reflex circuit one of the simplest in terms of composition and number of identified NOS containing neurons. Moreover, because NOS-1 is localized in the CNS, it was possible to characterize this enzyme biochemically, confirming that as with mammalian neuronal NOS, it is a NADPH-, Ca 2+ -calmodulindependent enzyme and that NOS activity can be suppressed by a variety of mammalian NOS inhibitors (428) .
In this species, as in Lymnaea, the various components of the feeding system are also richly innervated by putative nitrergic neurons including wellrecognized glomeruli (333, 429) . It was also shown that NO is a powerful modulator of feeding patterns. In Aplysia, NO elicited normal appetitive and consummatory behaviors leading to the deposition of cordons containing egg capsules without eggs (430) . NO is also involved in conditioning feeding behavior and mediates the process determining if food is inedible (404, 405) . More than a (470)). LFs are motor neurons located in the abdominal ganglion. CB1 are serononin containing interneurons located in the cerebral ganglion. The dotted lines represent polysynaptic connections. US -unconditioned stimulus and CS -conditioned stimulus used for the classical conditioning in Aplysia (see (418, 442) and the text for additional details).
dozen neurons are located in the buccal ganglia but their precise identification and their contribution to the feeding program and plasticity are unknown. Apparently feeding can be quite a complex behavior for cellular analysis of NO signaling, with a widely distributed neural circuit and the presence of numerous nitrergic neurons and mechanisms in both buccal and cerebral ganglia (293, 333, (431) (432) (433) (434) (435) .
In contrast, the Aplysia gill withdrawal reflex is a relatively simple behavior and the underlying neural circuit is widely used for cellular analysis of two types of memory paradigms -sensitization and plasticity (395, 398, 436) . The Hawkins and Moroz groups had therefore investigated the possible role of the extracellular signaling molecule NO in facilitation during behavioral conditioning in the siphonwithdrawal preparation (418) . The facilitation is produced in part by L29 interneurons (437, 438) , but the facilitatory transmitter of the L29 neurons had not previously been identified. We first used in situ hybridization to show that the L29 neurons express NO synthase (NOS) and that exogenous NO produces facilitation of sensory-motor neuron EPSPs. Next, we found that an inhibitor of NO synthase or an NO scavenger blocked behavioral conditioning. Furthermore, application of the scavenger to the ganglion or injection into a sensory neuron blocked facilitation of the EPSP and changes in the sensory neuron membrane properties during conditioning. Injection of the scavenger into the motor neuron reduced facilitation without affecting sensory neuron membrane properties, and injection of an inhibitor of NO synthase had no effect (418) . These results indicate that NO makes an important contribution to classical conditioning and facilitation, and acts directly in both the sensory and motor neurons to affect different processes of facilitation at the synapses between them. Those results are also consistent with the idea that NO acts as a local "volume messenger" in the circuit for the reflex. In addition, our data indicate that NO does not come from either the sensory or motor neurons but rather comes from another source, perhaps the L29 interneurons (see Figure 5 ). (439) (440) (441) (442) (443) suggested that facilitation of sensory-motor neuron EPSPs during conditioning of the gill-withdrawal reflex involves at least two distinguishable processes -one that is associated with changes in the membrane properties of the sensory (LE) neurons, including spike broadening, and one or more processes that are independent of those changes and may include presynaptic vesicle mobilization (444) or insertion of postsynaptic receptors (445, 446) . All of these effects can be produced by serotonin (5-HT -the best studied transmitter known to induce long-term plasticity in this model) acting on pre-and postsynaptic receptors. Antonov et al. (2007) found (418) that NO may be involved in all of these effects as well: (1) both the facilitation and changes in LE membrane properties during conditioning are blocked by injection of an NO scavenger into the LE neuron, (2) the facilitation but not the changes in LE membrane properties is also reduced by injection of an NO scavenger into the motor (LFS) neuron, (3) application of an NO donor produces facilitation but not changes in LE membrane properties, and (4) facilitation by an NO donor is blocked by injection of an NO scavenger into the sensory LE neuron but not the motor LFS neuron. These results suggest that NO is both necessary and sufficient for a membrane property independent mechanism of facilitation, such as vesicle mobilization, in the LE neurons.
Previous experiments in Aplysia
However, whereas 5-HT acting through presynaptic PKA is thought to be both necessary and sufficient for changes in the LE membrane properties (439, 442) , NO is necessary but not sufficient -that is, an NO donor alone does not produce those changes. Likewise, Hawkins and collaborators showed that NO is necessary but not sufficient for another mechanism of facilitation, such as receptor insertion, in the motor LFS neurons.
Molecular targets of NO in Aplysia
The evolutionarily conservative NO-cGMP signaling is present and widely distributed in the CNS of Aplysia (447) (448) (449) . We have found biochemically (428) that NO increases cGMP production by activating soluble guanylyl cyclase (sGC); ODQ, a specific inhibitor of sGC, eliminated this effect while inhibitors of phosphodiesterases enhanced it. Surprisingly, when we mapped the location of sGC subunits in Aplysia, we did not find any labeling in mechanosensory neurons (Moroz and Bodnarova, unpublished observations). In contrast, sGC is abundant in motor neurons including those involved in the gill-/siphon withdrawal reflex. Recent results (418) also indicate that classical conditioning is blocked by bathing the ganglion with either an NOS inhibitor, an NO scavenger, or an inhibitor of PKG suggesting that, like in associative learning in Lymnaea, PKG acts as one of the downstream targets of NO in the classical conditioning of gill-withdrawal in Aplysia.
Large-scale unbiased searches for potential molecular targets of NO in the CNS of Aplysia and related species can be achieved using transcriptome profiling with microarrays (351, 397) or by direct sequencing (351) . As a result, we have identified and cloned several genes related to the NO transduction cascade (Kohn, Bodnarova, Moroz, unpublished data) such as PIN (protein inhibitor of NOS), CAPON (a NOS-associated chaperon in cGMPindependent signaling), and Eip75B (a nuclear hormone type of receptor for NO). Eip75B is the Aplysia homolog of a heme-containing nuclear receptor found in Drosophila shown to be activated by NO and CO (450) ; this is an interesting NO target and possibly a direct link to transcriptional cGMP-independent regulation. As for downstream cGMP-dependent NO targets in the CNS of Aplysia, we found cyclic nucleotide phosphodiesterases, subunits of sGC (only in motor neurons so far) and at least one type of PKG (GB# AY362340.1) (in both sensory and motor neurons). One of the most interesting components of NO-signaling is a class of hyperpolarization-activated cyclic nucleotide gated channels (HCN, GB# AAX98669). In general, HCN expression in the CNS overlaps with NO sensitive sGC (Moroz and Kuzyk, unpublished observations). We did not detect their expression in the sensory neurons but they are quite abundant in motor neurons, suggesting that HCNs are involved in the NO/cGMP cascade in motor neurons and are associated with their electrical activity. Surprisingly, we did not detect heme-oxygenase 2 type activity (known to produce the second gaseous messenger -CO) in central ganglia, and apparently CO-mediated signaling is not involved in neuronal signaling in Aplysia (Moroz, Kohn, unpublished observations). Finally, we have identified and cloned from the CNS several related components of signal transduction, including 2 isoforms of CaMK II and 8 iGluR receptors including NMDA receptors (426) . Some of these were also independently cloned by the Glanzman/Martin laboratories, bringing the total number of iGluRs involved in sensorymotor synapses to 15 (Kohn, Moroz, unpublished observations). It is known that NMDA receptors have a critical role in learning mechanisms (as coincident detectors) and can also be direct targets of NO in mammals (451) (452) (453) suggesting that similar mechanisms of modulation of long-term plasticity might exist in Aplysia as well.
Collectively, the outlined findings from a variety of invertebrate preparations point out that NO acts as an important messenger in learning and memory mechanisms. The developed model systems and the ongoing genome projects open unique opportunities to characterize molecular mechanisms of interactions of NO with other known transmitter systems as well as to study genomic bases of associative and non-associative forms of learning and memory with resolution that is difficult to achieve elsewhere. For example, since giant Aplysia neurons are well-suited for direct genomic and epigenomic profiling (351, 397, 454, 455) one can monitor transcriptional and methylome output of the entire genome of individually identified neurons as they sense NO or learn and remember. It was recently discovered that NO controls chromatin reorganization (456-463) -a fact that provides the mechanistical bases for molecular analysis of chromatin remodeling and the deciphering of the logic of gene regulation during long-term plasticity.
SUMMARY AND PERSPECTIVE
It appears that life itself could not have evolved on our planet without NO as a critical intermediate of nitrogen fixation in biological systems. Indeed, it is a long way from the diversity of pathways for nitrogen fixation at the dawn of biological evolution to the present day diversity of NO functions in memory mechanisms; from the abiotic synthesis of NO by lighting to its production now by multiple NOS isoforms and other components of NO synthesis. Many gaps still exist in our understanding of the role of this ubiquitous but enigmatic signal molecule. The growth of genomic and molecular information about comparative NO biology revealed an unexpected complexity of synthetic enzymatic and non-enzymatic pathways in virtually all studied systems, from plants to animals, with dozens of novel proteins and low molecular weight redox compounds. Many of these pathways co-exist within the same cells and tissues, providing molecular bases for homeostatic regulation of NO microenvironments and signaling under normoxic and hypoxic conditions. Although comparative data are still incomplete, it is obvious that classification of NOS based upon three mammalian NOSs types needs to be reevaluated. Apparently, there are multiple examples of parallel evolution of NOS in different lineages with the inducible type NOS as probably the most basal ancestral prototype.
The obvious next step to advance the field is cloning of NOS from all major invertebrate groups and phyla, especially from non-metazoan taxa, followed by enzymatic and functional characterization of the expressed proteins. Significant discoveries can also be expected in the analysis of alternative NOS independent pathways, the role of NO in ecological adaptations and evolution, and the contribution of NO to symbiotic interactions. Although the canonical NO/sGC/cGMP/cGK pathway seems to be present in many invertebrate lineages, novel molecular targets of NO are emerging. The molecular analysis of memory and learning mechanisms in a variety of invertebrate preparations (most notably in insects and gastropod molluscs) opens conceptually different perspectives to understand the logic of recruiting evolutionarily conserved pathways for novel functions. 
